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Canopy flow resulting from interaction between thermo-topographic slope 23 
flow and large-scale synoptic flow is very complicated and has been poorly 24 
understood.  We apply a Reynolds-averaged Navier-Stokes (RANS) turbulence model to 25 
investigate how the interactions between local flow and synoptic winds affect CO2 26 
movement in the canopy layer at the Renon site in the Italian Alps. Since the RANS 27 
simulations are compared to the data measured by multiple-tower experiments 28 
conducted during CarboEurope-IP advection campaigns (ADVEX) at Renon, our 29 
study can be viewed as a case study of a relatively common wooded slope. The 30 
thermal condition in the canopy is directly related to the canopy morphology: the 31 
dense canopy at our site causes stronger cooling but limits vertical exchange of heat 32 
flux, resulting in weak temperature inversion in the deep canopy. Under conditions 33 
with no synoptic wind, local flow leads to CO2 build-up mainly at downslope 34 
locations and no recirculation is formed. Recirculation that holds high CO2 mole 35 
fraction in the canopy is developed only under the condition that local slope wind is 36 
enhanced by northerly synoptic winds. No recirculation forms when southerly 37 
synoptic wind direction is opposite to the local wind direction, in which case CO2 is 38 
quite well mixed. This numerical study approach brings to light a better 39 
understanding of the CO2 closure problem: the measured net ecosystem exchange of 40 
CO2 is more likely to be underestimated in local non-synoptic slope flow and local 41 
synoptic-enhanced slope flow regimes at Renon.  However, small-scale 42 




higher-resolution and larger-scale topography still challenge the application of this 44 
numerical approach in the FLUXNET community.   45 
Keywords: Canopy flow, CO2 transport, Complex terrain, Computational fluid 46 
dynamics, Recirculation, Synoptic winds, Slope Wind 47 
1. Introduction 48 
Accurate quantification of net ecosystem-atmosphere exchanges of mass and 49 
energy is a fundamental and critical step in reducing the uncertainty of how the large-50 
scale climate change interacts with local ecosystems. The eddy covariance (EC) 51 
technique has proven to be a useful approach to quantify net ecosystem carbon 52 
exchange in the daytime when strong turbulent mixing occurs. In the night, nocturnal 53 
flux measurements ignore advection fluxes that can be of the same order as the eddy 54 
flux itself when flux sites are located in complex terrain (Massman and Lee, 2002; 55 
Feigenwinter et al., 2004; 2008; 2010a; 2010b; Aubinet et al., 2003; Aubinet, 2008; 56 
Aubinet et al., 2010; Aubinet and Feigenwinter, 2010; Finnigan, 2008; Goulden et al., 57 
2006; Montagnani et al., 2009; Yi et al., 2000). The three-dimensional (3D) details of 58 
air movement, CO2 transport, and temperature variation around the instrumented 59 
tower cannot be fully ascertained using EC measurements at a point, particularly in 60 
complex terrain. Massman and Lee (2002) stated that understanding of 2D and 3D 61 
flows and their role in micrometeorological flux observation is of great importance to 62 
any site; however, the problem of 2D and 3D flows is most difficult to evaluate at sites 63 
on non-flat terrain. 64 
The errors of single tower measurements are more serious during calm nights 65 




flow, e.g. turbulent ramps, gravity waves, intermittent turbulence, land, sea or lake 67 
breezes and drainage flows (Aubinet, 2008). The canopy flow resulting from 68 
interactions of site-specific topography and vegetation causes significant complexity 69 
in CO2 transport that varies from case to case. At night periods, the ecosystem behaves 70 
as a CO2 source because soil and above ground vegetation respiration are not offset 71 
by photosynthesis. CO2 tends to accumulate near the ground due to surface layer 72 
stratification particularly in conditions of a super-stable layer within the canopy (Yi 73 
et al., 2005), resulting in strong negative vertical CO2 gradients (Yi et al., 2008; Araújo 74 
et al., 2008). The negative vertical gradient of CO2 with subsiding background wind 75 
contributes to positive vertical advection of CO2 transport. Along the slope, much 76 
higher CO2 concentration is commonly observed at lower altitude (slope and valley) 77 
than at higher altitude (plateau) (Araújo et al., 2008). The positive CO2 gradient from 78 
high altitude to low altitude, along with drainage flow, results in a positive 79 
contribution to horizontal advection. Although positive advection in both vertical and 80 
horizontal is very common at night in sloped terrain, some observations reveal the 81 
complexity of the advection processes. For instance, airflow with low CO2 82 
concentration entrains from the top of the canopy to the surface contributing to a 83 
negative horizontal CO2 gradient along the drainage flow direction and resulting in 84 
negative horizontal advection (Aubinet et al., 2003; Aubinet, 2008). Local terrain and 85 
vegetation effects can cause positive vertical velocity at night, resulting in negative 86 
vertical advection (Turnipseed et al., 2003). The vertical gradient of CO2 distribution 87 
was found to be large on the upper slope but quite uniform on the lower slope 88 




vertical advection in the CO2-pooled valley than on the upper slope. All these 90 
observations have demonstrated the complexity and 3D effects of the advection on 91 
eddy flux measurements. 92 
The eddy flux communities have made great efforts to conduct experiments 93 
with multiple-tower and multiple-level measurement systems to capture the 3D 94 
characteristics of wind fields and CO2 movement to study the advection issues, such 95 
as the CarboEurope-IP advection campaigns (ADVEX) (Feigenwinter et al., 2008), 96 
advection measurements conducted at the AmeriFlux Niwot Ridge site (Sun et al., 97 
2007; Yi et al., 2008) and tropical Amazon Rainforest (Tóta et al., 2012; Santana et al., 98 
2017). The measured advection fluxes are of similar magnitudes as the turbulent 99 
fluxes during calm nights, and vary from site to site (Feigenwinter et al., 2008; Yi et 100 
al., 2008). The important feature is that the advection contribution is closely 101 
correlated to local and synoptic meteorological conditions. Local orographic flow is 102 
most likely to occur within the canopy, while synoptic wind is dominant above the 103 
canopy. However, synoptic flows can penetrate into the open canopy and interact 104 
with orographic flow (Sun et al., 2007). The process of interaction includes synoptic 105 
winds that enhance, attenuate, or even alter the direction of the orographic wind, 106 
depending on the direction and strength of prevailing synoptic winds (Feigenwinter 107 
et al., 2010a). Accordingly, the modified orographic flows have direct influence on CO2 108 
pooling or mixing, and hence on measured CO2 flux.   109 
Although the direct advection measurements provide insights into the wind 110 
fields and CO2 transport at the research sites, the conclusions drawn may not be 111 




vegetation and large-scale synoptic conditions. In addition, the representativeness of 113 
the multiple-tower measurements is very sensitive to the tower setup and 114 
methodology used to derive the fluxes from measurements (Aubinet et al., 2010; 115 
Aubinet and Feigenwinter, 2010; Montagnani et al., 2010; Vickers and Mahrt, 2006). 116 
How can we take advantage of the single tower measurements found at most 117 
FLUXNET sites to understand ‘site-specific’ CO2 transport processes? In this study, we 118 
aim to numerically resolve the 3D spatial variability of airflow and CO2 transport 119 
initialized by measurements on one tower, but tested by multiple-tower experiments 120 
conducted during the ADVEX campaign at the Renon (RE) site in the Italian Alps.  The 121 
airflows are simulated under various synoptic conditions to explore the interactions 122 
between local orographic flow and synoptic-scale winds, and related CO2 processes. 123 
We hypothesize that (1) the interactive wind as a result of the synoptic and local slope 124 
winds varies with synoptic-scale weather patterns, (2) recirculation forms when 125 
synoptic and local winds enhance each other, and (3) canopy density along with the 126 
interactive winds leads to uneven heat and CO2 transport: the cool air and CO2 tend 127 
to pool in the recirculation zone and leeward slope (Figure A1).   We first describe the 128 
characteristics of terrain, vegetation and measurement set-up in section 2, then we 129 
present the numerical method in section 3 followed by results and discussions in 130 
section 4. The conclusions are drawn in section 5. 131 
 2. Site and data description 132 
This numerical study is conducted based on the extensive measurements 133 
performed during the ADVEX campaign at the Renon-Selva Verde study site (RE, 134 




12200 m North-Northeast of Bolzano. The Digital Elevation Model (DEM) of the 2000 136 
m×2000 m area around the RE is shown in Figure 1 (labeled as D1). The topography 137 
of the site is characterized by alpine conditions with a main slope of about 11° that is 138 
locally oriented towards southeast in a mountain range having a principal North-139 
South sloping direction. The vegetation at the site is characterized by a coniferous 140 
forest with gaps between groups of older and younger trees. The forest species are 141 
dominated by Picea. abies (85%), Pinus cembra (12%) and Larix decidua (3%), with a 142 
mean leaf area index (LAI) of 5.1 and maximal canopy height of 29-30m in the 143 
240×240 m research area (D2 in Figure 1). The vegetation structure varies across the 144 
towers.  A field survey in October 2009 classified the vegetation in D2 into three 145 
categories (Figure 2): (1) Sparse forest in grassland, (2) Forest edge dominated by re-146 
growth forest with sparse older trees, and (3) Mature forest.   147 
The meteorological conditions at RE are dominated by the ‘Tramontana’ winds 148 
from the north or northwest (northerlies), typically in winter and occasionally in 149 
summer. Winds from the south (southerlies) tend to appear whenever there is a low-150 
pressure system located over the Western Mediterranean area.  Upslope (anabatic) 151 
winds during the day and down-slope (katabatic) winds during the night characterize 152 




An extensive measurement dataset (half-hourly averaged) was collected 154 
from the ADVEX campaign during May 1st to  September 15th 2005. The ADVEX 155 
setup consisted of four external towers (A, B, C and D) and a permanent central 156 
tower (M) (Figure A2). Each external tower was equipped for measurements of CO2, 157 
H2O, temperature, and wind vectors at heights of 1.5, 6, 12, and 30m above ground 158 
level. An additional wind velocity measurement was made at 41.5m on tower C. 159 
Measurement levels at tower M were 1.5, 6, 12, and 32m. A more detailed 160 
description of the site, measurement methods, and data processing can be found in 161 
Feigenwinter et al. (2008) and Montagnani et al. (2009).  162 
3. Method 163 
3.1. Conservation of Mass and Momentum 164 
In configuring the numerical model, the flow is assumed to be steady state 165 
and the Boussinesq approximation is applied. The Navier-Stokes momentum and 166 
mass balance equations are applied to the canopy sub-layer with thermal 167 
stratification (Yi et al., 2005), which can be written as: 168 
𝜕𝑢𝑖
𝜕𝑥𝑖
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𝑄𝑠𝑜𝑢𝑟𝑐𝑒,                                     (3) 171 
 where ?̅?𝑖 and ?̅?𝑗  are the mean velocity components along the 𝑥𝑖 and 𝑥𝑗 directions, 172 
respectively, ?̅? is the mean potential temperature, 𝑢𝑖
′, 𝑢𝑗
′ and 𝜃′ are the fluctuations 173 




of air, 𝑃∗ is the deviation of pressure from its reference value, and 𝛽  is the thermal 175 
expansion coefficient of air,𝜃∞  is the reference temperature, 𝑔𝑖 is the gravity 176 
acceleration in i direction, and  𝛤 = 𝜈 𝑃𝑟⁄  is the turbulent viscous diffusion coefficient. 177 
Turbulent Prandtl number  𝑃𝑟 = 0.5 is used for the canopy layer while in the region 178 
above the canopy (except very near the top of the canopy), 𝑃𝑟 = 1 is used as applied 179 
in Xu et al. (2015). Following from Xu and Yi (2013), we have the following equation 180 
to define the drag force (𝐹𝐷𝑖 exerted by the canopy elements, which is zero above the 181 




𝐾𝑟𝑢𝑖|𝑈|,              (4) 183 
where U is the horizontal scalar wind speed; and Kr is the resistance coefficient 184 
(Wilson, 1987), which is derived from an empirical relationship originating from 185 









,                    (5) 187 
Where 𝜙 is the porosity of the canopy layer, which can be obtained from leaf area 188 




.              (6) 190 
The energy source Qsource is specified as upward radiative heat flux.  191 
3.2. Conservation of Scalar Quantities 192 
















where ?́?𝑗 is solved by equation (1) and (2), 𝑐
′ is the fluctuation from its mean value ?́?, 196 
D is the molecular diffusivity of CO2. The CO2 source term 𝑆𝑐 from the ecosystem is 197 
associated with belowground respiration (Rb) from soil and aboveground 198 
respiration (Ra) from plant leaves, stems and roots.  199 
3.3. CO2 source parameterization  200 
CO2 source term 𝑆𝑐 is parameterized with total ecosystem respiration (TER) 201 
of belowground respiration (Rb) and aboveground respiration (Ra), where Ra = σ·Rb. 202 
Here σ is a proportionality coefficient fulfilling TER = Rb + Ra. The net contribution of 203 
CO2 from the belowground respiration is quantified as the Q10 exponential relation 204 
with soil temperature (van t’Hoff, 1884). Although the soil respiration was 205 
demonstrated to have significant spatial variability at the Renon site (Acosta et al., 206 
2013) we neglect here its spatial variability. For simplicity, the empirical formula 207 
(Montagnani et al., 2009) obtained at RE is used to quantify 208 
𝑅𝑏 = 𝑅𝑟𝑒𝑓𝑄10
(𝑇−𝑇𝑟𝑒𝑓) 𝑎⁄ , (8) 209 
where Rref  = 3.69 mol m -2 s-1 is the respiration rate at reference temperate Tref  = 210 
10˚C, Q10 = 3.64 is the factor by which Rb increases for an increase in soil 211 
temperature of a = 10 ˚C.  212 
Foliage respiration is usually assumed to be exponentially related to air 213 
temperature (Law et al., 2001; Ohkubo et al., 2007; Urban et al., 2007). However, based on 214 
relatively small vertical temperature differences (~2-3oC) measured at the same time 215 
from a single tower at the RE site, we assume that foliage respiration depends on the 216 
leaf area density and its temperature dependence is negligible. Since soil respiration 217 





al. (2001), total respiration above ground is Ra = (37/63)·Rb. We partition the above 219 
ground respiration to multi-layers using the leaf area distribution similar to the 220 
CANVEG model (Baldocchi and Meyers, 1998). For each vertical layer k at the height 221 
kz  , above ground respiration is: 222 





𝑧=𝑘−1/2 }.  (9)  223 
3.4. Turbulence model 224 
We used the Renormalization Group (RNG) 𝑘 − model developed by Yakhot 225 
and Orszag (1986). RNG techniques are used for the large scale motions in which 226 
the effects of the small scales are represented by modified transport coefficients. 227 
The RNG 𝑘 − turbulent model has been successfully applied in reproducing 228 
topographic and canopy related flows under different atmospheric stability 229 
conditions (Kim and Patel, 2000; Xu and Yi, 2013; Xu et al., 2015).  230 
The Reynolds stress in equation (2), turbulent heat flux in equation (3) and 231 
turbulent CO2 flux in equation (7) are linked to turbulent viscosities of momentum 232 
(𝜇𝑡, heat(𝜇𝜃 = 𝜇𝑡 𝑃𝑟⁄ ) and CO2 (𝜇𝑐 = 𝜇𝑡 𝑆𝑐⁄ , respectively, as  233 









𝛿𝑖𝑗𝑘, ,               (10)  234 
−𝜃′𝑢𝑗′̅̅ ̅̅ ̅ = 𝜇𝜃
𝜕?̅?
𝜕𝑥𝑗
,                                                               (11) 235 
−𝑐′𝑢𝑗′̅̅ ̅̅ ̅ = 𝜇𝑐
𝜕𝑐̅
𝜕𝑥𝑗
 ,                                    (12) 236 
𝜇𝑡𝜇𝜃 = 𝜇𝑡 𝑃𝑟⁄ 𝜇𝑐 = 𝜇𝑡 𝑆𝑐⁄ 𝛿𝑖𝑗 is Kronecker delta, and k is the turbulent kinetic energy. 237 
Turbulent Prandtl number 𝑃𝑟 is the same as in equation (3), the turbulent Schmidt 238 





(2013). 𝜇𝑡in Equation (10) is calculated in terms of turbulent kinetic energy 𝑘 (TKE) 240 
and dissipation  : 241 
 𝜇𝑡 = 𝜌𝐶𝜇
𝑘2
𝜀
,                                          (13) 242 
where k and  are solved from the TKE transport equations; 𝐶𝜇 is a dimensionless 243 
constant. 244 
In RNG 𝑘 − turbulent model, the steady-state transport equation of TKE and 245 
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) ,                                     (16) 250 




,                    (17) 252 
𝑃𝑤is wake production. In vegetation canopy, 𝑃𝑤is caused by the work of the 253 
canopy drag force and reads as:  254 




2,                                      (18) 255 
𝑇𝑝is transport of TKE by pressure perturbation, which is calculated as a residual 256 
of other TKE components, S is a volumetric source term, proposed by Yakhot et 257 






















,                          (20) 260 
where the empirical constants 𝐶𝜇, 𝜎𝑘, 𝜎𝜀, 𝐶𝜀1, 𝐶𝜀2, 𝛽0, and 𝜂0 are 0.0845, 0.7194, 261 
0.7194, 1.42, 1.68, 0.012, and 4.38, respectively, These empirical constants are 262 
derived by the Renormalized Group procedures with scaling and approximation 263 
proposed by (Yakhot and Orszag, 1986), but refined by Yakhot and Smith (1992) 264 
and Yakhot et al. (1992) to fix the closure problems in the original derivations. 265 
3.5. Numerical Implementation  266 
The main goal of this research is to understand the relationship among the 267 
three-dimensional wind field, temperature, and CO2 level at Renon with 268 
heterogeneous vegetation, particularly under nocturnal stable atmospheric 269 
conditions. Three measurement time periods were identified to provide initial 270 
conditions for three cases: (1) 00:30 Local Standard Time (LST) of day 192 – 24:00 271 
LST of day 193 characterized by synoptically driven Northerlies; (2) 00:30 LST of 272 
day 206 - 06:00 LST of day 207 characterized by Southerlies, when the sky was 273 
dominantly overcast; and (3) 12:00 LST of day 207 to 24:00 LST of day 211 274 
characterized by a local slope wind system. For each case, the half-hourly average of 275 
each variable measured at the central tower M during nocturnal time window 276 
(21:00 – 04:00 LST) in relevant measurement time period above was used as initial 277 
condition and heat fluxes measured on the ground were used as boundary 278 
conditions.  279 
The computational domain extends over 2000 m×2000 m in the outer 280 
domain (D1), with a 240 m×240 m inner domain (D2) located in the middle of the 281 





lowest surface in D2 to a height at which the vertical domain satisfies the height of 283 
at least three times the forest height in D2. D1 extends to 2000 m high from the 284 
lowest surface in the 2000 m×2000 m domain.  The domain is divided into multi-285 
block to accommodate the varied elevation and grid spacing. In each block, 286 
Cartesian coordinates are applied with the finest grid spacing in D2. The schematic 287 
diagram of the mesh at the intersection of Tower M is shown in Figure A3. The 288 
shaved cell method along with the cell-combining approach is applied to the cut 289 
cells at the air-ground interface (Yamazaki and Satomura, 2010).   The local slope 290 
wind condition case is used to test the ideal model grid spacing by changing 291 
horizontal and vertical grid spacing between 1 to 10 m in D2 and accordingly 292 
stretched grid spacing in D1. The grid spacing that fits the calm night in local slope 293 
wind period should be capable of resolving air flows during nights with stronger 294 
northerlies and southerlies. Because of the weak wind and high variation in wind 295 
direction, we use the confidence interval of 99% to plot the lower and upper bounds 296 
of the measured variable R (u, v, w, T) at the measurement heights. The ideal grid 297 
space setting for the three cases is based on the standard that about 70% of 298 
modeled variables are within 99% confidence interval of the measurements (Figure 299 
3). Meanwhile, two fully convergent criteria are required. One is that (𝛾𝑖+1 −300 
𝛾𝑖)/𝛾𝑖 ≤ 10−5, where i is the iteration number and 𝛾 is any of the dependent 301 
variable. Another is that the normalized residuals for momentum, energy, mass and 302 
turbulent variables are required to be lower than 10-3. The ideal horizontal grid 303 
space at D2 is 4 m and at D1 it is stretched with a power law, starting with a 304 





boundaries. The ideal grid spacing in vertical is 3m from ground surface to at least 306 
three times the canopy height (90 m) and similarly stretched using a power law, 307 
starting with 3m at the top of three times the canopy height and extending to about 308 
15m at the top of D1 domain boundary. The stretching power in both horizontal and 309 
vertical is 1.3. With this grid setting, there are about 76% of the modeled variables 310 
within 95% confidence interval of the measurements for local slope wind period. 311 
The topography is extracted from the NASA Shuttle Radar Topographic Mission 312 
(SRTM) 90m digital elevation data v4 (Jarvis et al., 2008). The SRTM elevation data 313 
is fitted to 4x4 m grids with Kriging interpolation. The distribution of three canopy 314 
classifications covering D2 is shown in Figure 2.  The outer region (D1) is covered by 315 
grassland to a larger extent than D2, where we treat it as bare land and specify the 316 
ground surface roughness height of 0.8 m for computational purposes. 317 
The prescribed wind profile function is used for wind velocity at the north 318 
and south inflow boundaries of 2000 m×2000 m domain for northerlies and 319 







)                                        (21) 321 
where d = 0.6h is the zero plane displacement height, h is the height of canopy. z0 = 322 
0.8 m is roughness length. The friction velocity u* is derived by the relation that 323 
−𝑢′𝑤′̅̅ ̅̅ ̅̅ = 𝑢∗
2 , where −𝑢′𝑤′´  is measured by the sonic anemometer at level 4 (32m) on 324 
the permanent Tower M, based on the assumption that Reynolds stress is constant 325 
above the canopy (Yi, 2008).  The vertical velocity at the inflow boundary is 326 





is applied. The zero gradient boundary condition is specified for the top and four 328 
lateral boundaries of local slope winds.  329 
The ambient temperature is 𝜃0(𝑧) = 𝜃00 + 𝛾𝑧, where 𝜃00 is the potential 330 
temperature at z=0, which is specified with soil temperature measured at the depth 331 
of 5 cm, 𝛾is ambient lapse rate, set to -6˚C km-1 that is the approximate lapse rate for 332 
a summer night in the Italian Alps (Rolland, 2002). The energy source (Qsource) at the 333 
top of the canopy is taken from the measured sensible heat at 32 m. We assume that 334 
within the canopy Qsource  is an exponential function of downward accumulative leaf 335 
area density 𝐿(𝑧) = ∑ 𝑎(𝑧′)ℎ
𝑧′=𝑧
,  336 
𝑄(𝑧) = 𝑎𝑒−𝜇𝐿(𝑧) + 𝑏,         (22)  337 
where  𝜇 is the canopy extinction coefficient. Our sensitivity analysis indicates that 338 
the profile of Q(z) in Eq. (22) is insensitive to  , which is in the range (0.4, 0.65) of 339 
the conifer canopies (Pierce and Running, 1988). 0.52 is used for 𝜇 in this 340 
simulation. a and b are constants (Table A1) determined by heat flux Qh at the top of 341 
the canopy and ground heat flux Qg  at z = 0. The values of Qh and Qg used for three 342 
different synoptic conditions are shown in Table 2. 343 
4. Results and discussions 344 
4. 1. Mean wind field 345 
4.1.1. Local slope winds 346 
The local slope winds are a thermally forced drainage flow regime (w < 0) 347 
without synoptic scale disturbance (Figure 3 and 4a-d). Winds generally blow 348 
towards the southeast along the diagonal of D2, following the direction of slope. 349 






a secondary slope falling to the east above about y = 150 m (Figure 4a-d). In the south, 351 
winds shift from southwest to south because of the lowest elevation between x = 100 352 
and 200 m where the slope is steepest (Figure 4a-d). The drainage winds are only 353 
significant within the canopy, and the flow patterns remain similar at all levels 354 
through the canopy (Figure 4a-d). However the streamlines become inflected at the 355 
top of the canopy. The inflection is caused by canopy disturbance, which is notable 356 
when drainage winds become very weak (Turnipseed et al., 2003). Above the canopy, 357 
air is sinking into the canopy (Figure 5), i.e., only vertical velocity is important and the 358 
slope-following wind patterns are diminished due to reduced thermal-topographic 359 
effects. 360 
The drainage flow is determined by the balance of hydrodynamic pressure 361 
gradient, hydrostatic pressure gradient (buoyancy force) and drag force, while the 362 
turbulence stress can be ignored after the turbulence collapses under stable 363 
conditions (Sedlak et al., 2010).  Under stable conditions, the Froude number derived 364 
from dimensional analysis of hydrodynamic and hydrostatic pressure gradient is 365 
much smaller than 1 (Belcher et al., 2012), suggesting the dominant thermal-366 
topographic effects of buoyancy force, which is given as: 367 
𝐹ℎ𝑠 = 𝑔 (
𝛥𝜃
𝜃0
) 𝑠𝑖𝑛𝛼,           (23) 368 
where 𝛼 is the slope angle, ∆𝜃 is the potential temperature difference between the 369 
ambient air and the colder thermo-topographic slope flow, and 𝜃0  is the ambient 
370 
potential temperature (Chen and Yi, 2012). Figure 5 shows that the wind profiles at 371 
Towers A, B and M display similar profile shape with a maximum wind speed around 372 





B and M, because buoyancy forces are small at Tower A where the slope is gentler 374 
than at Tower B and M. On a gentle slope, the drainage flow is enhanced with the 375 
steepness of slope and the canopy effects are stronger (Chen and Yi, 2012). Towers A, 376 
B and M are surrounded by re-growth forest that is characterized by dense foliage in 377 
the lower canopy. The dense foliage exerts a large drag force on the drainage flow 378 
near the ground surface. The level of maximum wind speed is therefore elevated up 379 
to about mid-canopy, while most drainage flow occurs at lower trunk-level in open-380 
trunk forests (Turnipseed et al., 2003; Yi et al., 2005; Belcher et al., 2008).  381 
The mature forest as observed at the site and in our model configuration is 382 
characterized by typical foliage distribution with open trunk space and maximum leaf 383 
area density in the upper canopy.  Wind profile at Tower C is determined by the 384 
canopy morphology of mature forest with a primary wind maximum at the trunk 385 
region and a secondary wind maximum near the top of the canopy. Although drag 386 
force at Tower C is significant, wind speed at Tower C remains strong compared with 387 
wind speed at Towers on the upper slope. This is because the hydrostatic buoyancy 388 
force is large enough to maintain drainage flow on the steep lower slope. In addition, 389 
airflow experiences long slope acceleration before reaching Tower C. Although Tower 390 
D experiences a small hydrostatic buoyancy force, it encounters the strongest 391 
drainage flow near the ground surface, which is caused by the smaller drag force due 392 
to sparse trees in the grassland. The fast attenuation of wind speed from ground 393 
surface to the top of the canopy at Tower D indicates that thermal forcing is only 394 
important near the ground surface for the sparse canopy, because of the leaf area 395 





4.1.2. Northerlies 397 
During northerlies periods, wind direction and wind speed of the local slope 398 
winds are modified after interacting with synoptic northerlies (Figure 4e, f, g and h). 399 
As the slope generally falls to the south with the effects of the valleys in the south-400 
east and west, the wind is blowing towards the south or southwest direction at the 401 
boundary of the research domain, or else is diverted to the west in the northern part 402 
of the domain, where there’s a slope falling to the west. These easterly drainage flow 403 
induced winds only occur in the lower canopy (Figure 4e and f). Winds twist from the 404 
southwest to the south in the southern part of the domain, where the elevation is 405 
lowest and the slope is steepest. The topographic effects decrease with height and 406 
become very weak at the top of the canopy (Figure 4h), where northerlies prevail. 407 
Even so, we can still see southward winds in the southeast due to the steep slope. The 408 
initial prescribed wind speed of northerlies is about 7.4 ms-1 at the top of the canopy, 409 
according to equation (21). The strong northerlies enhance local slope winds both 410 
within and above canopy. The enhancement is much stronger in the upper canopy 411 
and above canopy than in deep canopy. The limited influences of northerlies on local 412 
slope winds within canopy demonstrate that deep canopy flow is governed by local 413 
radiative forcing of the topography and vegetation instead of downward momentum 414 
transport from synoptic northerlies above the canopy. 415 
A remarkable flow pattern is the up-slope winds blowing to the northwest in 416 
the lower canopy between Towers M and A. This up-slope motion is associated with 417 
the recirculation region in the south-north (S-N) direction (Figure 7a) and updraft in 418 





the lee slope, the recirculation occurs at the gentle upper slope in our research 420 
domain, which is attributed to the vegetation structure and distribution.  Our 421 
simulation (D1) is conducted for the bare land surrounding the forests. As the wind 422 
blows from the northern bare land into the forest, it lifts after passing the sparse trees 423 
in the grassland that is located north of Tower A. Between Towers A and M, the 424 
dominant vegetation is re-growth forest with sparse older trees characterized by the 425 
dense foliage at trunk level. The dense canopy exerts a large drag force, which retards 426 
flow in the deep canopy, resulting in a region of reversed flow, i.e. recirculation, 427 
underlying the lifted flow. A similar upward action was observed in stable nighttime 428 
conditions at the Niwot Ridge Ameriflux site, which is also partly explained by 429 
vegetation distribution (Turnipseed et al., 2003). The explanation of flow 430 
convergence within canopy is also applicable to our results. Flow from north and east 431 
converges between Towers A and M, forcing a rising motion.  432 
The recirculation bubbles extend through the re-growth forest in the S-N 433 
direction (Figure 7a, b). The reversed flow ends before reaching the edge between re-434 
growth and mature forest in the west (cross sections at x = 88, 104, and 120 m in 435 
Figure 7a and b). In the east, the extension of reversed flow is further north than that 436 
in the west. The reversed flow extends across the edge between re-growth and 437 
mature forest, because of northward extension of mature forest. At S-N cross section 438 
x = 88 m (Figure 7a, b) where northerlies experience the far expansion of re-growth 439 
forest, the recirculation breaks into two at about y = 136 m. From the west to east, the 440 
average depth of the recirculation region (mean height at v = 0) increases from 8 m 441 





of recirculation (Xu and Yi, 2013). The maximum depth of recirculation is at the mid-443 
canopy, about 15-16 m high.  444 
The updraft motion in the west domain is due to temperature difference in the 445 
W-E direction (Figure 7c, d), which is mainly driven by vegetation distribution. In the 446 
east domain, re-growth forest and mature forest are dominant. LAI for both forests is 447 
around 5. The dense canopy radiates much more long-wave radiation than the 448 
grassland with LAI around 1, leading to stronger cooling in the east. As the colder air 449 
from the east advances into the less dense warmer air in the west, the lighter warm 450 
air is lifted upward. In front of the lifted flow, the region is characterized by reversed 451 
flow (eastward) above a shallow layer of westward wind near the ground surface.  452 
4.1.3. Southerlies 453 
The modification of southerlies to local slope winds is significant, although the 454 
southerlies are relatively weak (Figure 4i, j, k and l). Wind speed of local slope winds 455 
is strengthened but with altered wind direction. The predicted wind speed is weaker 456 
than 0.5 ms-1 at the top of the canopy, which is much weaker than prescribed 457 
southerlies (about 3 ms-1) but stronger than local slope winds. In the north, winds 458 
remain southerly with up-slope motion (w > 0 at Towers A and M). However, the 459 
westerlies occur (u > 0) in the south. This westerly component is much stronger than 460 
the southerly component, leading to cross-slope flow instead of up-slope flow (Figure 461 
4i). The altered flow pattern remains significant up to triple canopy height above 462 
which the southerlies become dominant.   463 
Streamlines at the cross sections show the flow pattern in both the vertical and 464 





during southerly wind period, because southerlies are weak. In the S-N direction, air 466 
subsides strongly in the south between y = 80 and 100 m (Figure 8a) where there is 467 
stronger radiative cooling from mature forest. The subsiding air diverges to the north 468 
and south near the ground surface. On the northern upper slope, the slope is gentle, 469 
so weak local slope winds are reversed by the prevailing southerlies.  In the south, 470 
the steep slope results in strong drainage flow overwhelming the southerlies. Even 471 
so, the drainage flow is not strong enough to reverse southerlies but both flows 472 
interact to become westerly winds. The westerly winds are accompanied with sinking 473 
motion from above the canopy.  474 
4.2. Thermal analysis 475 
Temperature inversion develops in all the vegetation canopies due to radiative 476 
cooling. However, the temperature distribution and vertical profiles are different 477 
under different prevailing wind systems and vegetation categories. 478 
4.3.1. Local slope winds  479 
During local slope wind periods, the significant temperature difference 480 
between in- and above canopy is caused by radiative cooling in the vegetation canopy 481 
(Figure 6a, c). The cooling occurs all through the canopy, resulting in temperature 482 
differences of 3-3.5˚C between ground surface and the canopy top. This temperature 483 
difference is in the range of observed temperature differences in the 10 m high walnut 484 
orchard (Dupont and Patton, 2012) and 21.5 m high aspen forest (Mahrt et al., 2000) 485 
under stable conditions with weak wind. The uneven distribution of the cooled air at 486 
the top of the canopy is caused by the leaf area density difference in the modeled three 487 





caused by cold air draining down the slope.  A relatively warmer canopy layer at the 489 
domain boundaries is due to no canopy-depth cooling outside of the 240×240m 490 
domain where no vegetation is in the model set-up.  491 
Temperature profiles reveal that an inversion occurs in the upper canopy 492 
because of strong radiative cooling, above which temperature profiles become 493 
uniform with height for all the forest types because of no cooling source (Figure 9a). 494 
The temperature profiles are different in the lower canopy, which is directly induced 495 
by the canopy structure-related radiative cooling.  At Towers A, B and M, the 496 
dominant re-growth forest is characterized by dense foliage below about 12 m, above 497 
which temperature inversion is developed. The inversion becomes very weak below 498 
11 m. At Towers M and B, negative temperature gradient is found below 6 m, resulting 499 
in a ‘cold bulge’ at about 6 m where leaf area density reaches its maximum. The 500 
maximum leaf area density in the lower canopy reduces the effects of radiative 501 
cooling above 6 m, so the thermal condition below 6 m is mainly determined by 502 
ground heat flux. The positive ground heat flux during local slope wind period leads 503 
to weaker inversion and warmer air near the ground surface, implying the near-504 
neutral or even unstable layer in dense canopy (Shaw et al., 1988; Jacobs et al., 1994; 505 
Dupont and Patton, 2012; Xu et al., 2015). In the lower canopy, temperature at Tower 506 
M is about 0.5°C colder than temperature at Towers A and B, because Tower M is at 507 
downwind direction of slope wind, experiencing cooled drainage flow. In the upper 508 
canopy, air at tower B is about 0.5°C colder than at Towers A and M, because Tower 509 





the upper dense canopy of mature forest can enhance cooling in the upper canopy of 511 
re-growth forest in the neighborhood.    512 
Temperature profiles at Tower C depicts the cooling in the upper canopy of 513 
mature forest with the coolest air and strongest temperature inversion above the 514 
height of 17 m compared with temperature at other towers (Figure 9a).  In the lower 515 
canopy, the temperature inversion is reduced due to weak radiative cooling in the 516 
lower canopy and positive ground heat flux. In contrast, temperature inversion at 517 
Tower D is significant in the lower canopy with warmer temperature above 8 m due 518 
to the fact that Tower D is surrounded by sparse trees in grassland with its maximum 519 
leaf area density at ground surface. Radiative cooling in sparse trees in grassland is 520 
stronger in the lower canopy than at the same height in re-growth and mature forest. 521 
The strong cooling in the lower canopy overwhelms surface positive heat flux, which 522 
results in strong inversion near the ground surface. 523 
4.3.2 Northerlies 524 
During northerly wind periods, air is warmer in the north but cooler in the 525 
region of recirculation and south (Figure 7a). The warmer north is attributed to the 526 
higher elevation and gentler slope, when cold air drains to the lower elevation. Wind 527 
in the recirculation region is weak and reversed, resulting in cool air stagnation. In 528 
the south, the downslope northerlies drain cooler air to the lower slope, especially in 529 
the southeast, where elevation is lowest and slope is steepest in the domain. The 530 
temperature gradient in the W-E direction is mainly attributed to the vegetation 531 





radiative cooling occurs, leading to relatively cooler east and warmer west. The 533 
temperature difference is responsible for the updraft flow in the W-E direction.  534 
 During northerly wind periods, the maximum temperature difference from 535 
the top of the canopy to the ground surface is about 2.5 ˚C (Figure 9b). The 536 
temperature difference is much smaller and less variable compared with local slope 537 
wind periods, which can be explained by strong northerlies causing better mixing 538 
throughout the canopy. Temperatures at Towers A, B and M surrounded by re-growth 539 
forest are very similar to temperature during slope wind periods: warmest 540 
temperature is at Tower A, which is at more elevated upwind direction; coldest 541 
temperature is at Tower B, which is close to dense mature forest with strong radiative 542 
cooling; temperature at Tower M is intermediate between Towers A and B. The 543 
difference in profile shape is related to the flow pattern during northerly wind 544 
periods. Towers A and M are located in the region of recirculation. The temperature 545 
in the reversed flow is about 3˚C cooler than air in the upwind direction on the upper 546 
slope (Figure 7a). Unlike temperature at Towers B and M, temperature inversion is 547 
very strong in the lower canopy at Tower A, because Tower A is located at the 548 
boundary of reversed flow, experiencing strong temperature gradient in both the 549 
horizontal and vertical. The temperature profile at Tower C shows coldest air in the 550 
upper canopy and weak inversion in the lower canopy as the profile during local slope 551 
wind periods. Temperature at Tower D indicates homogeneous cooling in grassland 552 





4.3.3 Southerlies 554 
During southerly wind periods, the temperature variation is lower than 2°C in 555 
the research domain (Figure 8), which is induced by both very weak cross-slope wind 556 
mixing and radiative cooling under the overcast sky conditions. The weak drainage 557 
flow cannot effectively drain the cold air down the slope. The temperature difference 558 
is less than 1˚C between ground surface and the top of the canopy at all the towers 559 
except Tower D (Figure 9c). At Towers A, B, C and M, temperature inversion only 560 
develops in the upper to above canopies. Temperature is almost constant in the lower 561 
canopy (below 10m high), due to less radiative cooling and the positive ground 562 
surface heat flux. Temperature at Tower A is still warmer than at Towers B and M, 563 
but with larger temperature difference throughout the canopy. The effects of mature 564 
forest cooling on temperature at Tower B becomes trivial, showing a minor difference 565 
in temperature above 20m at Towers B and M. The ‘cold bulge’ occurring during local 566 
slope wind periods is also present during southerly wind periods at Tower M because 567 
of positive heat flux from the ground surface.  568 
Although the cooling in the dense mature forest at Tower C is stronger than at 569 
other towers, temperature at Tower C is relatively warmer and inversion is weaker 570 
than at Towers A, B, and M, which is contrary to the condition during local slope wind 571 
and northerly wind periods. The warmer temperature at Tower C can be partially 572 
explained by the weak radiative cooling during southerly wind period. Although 573 
Tower C is located on the slope of the drainage flow, the drainage flow isn’t strong 574 
enough to pool cool air in the lower slope. At Tower D, temperature is warmest in the 575 





wind periods.  The highest foliage density related radiative cooling in the lower 577 
canopy dominates the thermal condition near the ground surface. 578 
4.3. CO2 distribution 579 
CO2 emission rate is only determined by soil temperature in equations (8) and 580 
(9). The total amount of CO2 emission is very similar for different canopies 581 
experiencing the same wind period, because the temperature difference on the 582 
ground surface is very small. CO2 emission rate is varied vertically at levels dependent 583 
on leaf area density distribution in equation (9). Here we use CO2 mole fraction 584 
deviation (d[CO2]) from the mean atmospheric CO2 mole fraction to analyze the CO2 585 
transport in the domain.    586 
During local slope wind periods, CO2 is built up in the south and east (Figure 587 
6b and d). In the S-N direction, a maximum of 17ppm higher CO2 level is in the 588 
downwind of the local slope wind as compared to the upper slope (Figure 6b). 589 
Particularly high CO2 accumulates in the southeast, where slope is steep and elevation 590 
is low. Relatively high level of CO2 can extend north to the upper slope and fill in the 591 
whole canopy layer, which is related to the distribution of mature forest. In the W-E 592 
direction, CO2 level is high in the east due to the westerly slope wind (Figure 6d). We 593 
expect the CO2 level in the west is as high as in the east because of the westward slope 594 
winds. However, it shows good mixing in the west, probably due to sparse trees in 595 
grassland in the west, which makes it easier for CO2 to vent out of the canopy. 596 
Relatively stronger wind in the lower canopy and wind shear throughout the canopy 597 
at Tower D, as compared to Tower B, can be demonstrated by the wind profiles in 598 





During northerly wind periods, CO2 is built up in the recirculation region in 600 
the S-N direction, which coincides with cool air pooling on the middle to upper slope 601 
(Figure 7b and d). The highest CO2 level is in the west where the recirculation occurs 602 
farther south owing to the reduced extent of mature forest there.  Most of the CO2 is 603 
restricted below about 16m, above which CO2 is well mixed by strong prevailing 604 
northerlies. On the lower slope of the downwind direction, there is no obvious 605 
transport of CO2 from elevated prevailing northerlies, as CO2 is mainly emitted from 606 
the ground surface (Figure 7b). In the W-E direction, elevated CO2 is confined to a 607 
very shallow layer on the ground surface, mostly in the west, which is caused by flow 608 
descending from east to west (Figure 7d).  The updraft flow has minor influence on 609 
CO2 transport because the updraft flow is at a higher elevation.  610 
During southerly wind periods, much better mixing of CO2 is seen in 611 
comparison with northerly and local slope wind periods, although there is a very 612 
shallow layer below 6 m with higher level of CO2 (Figure 8b and d). CO2 distribution 613 
in the surface shallow layer is quite homogeneous along the slope. The CO2 mole 614 
fraction deviation from the atmospheric CO2 mole fraction is mostly smaller than 10 615 
ppm due to the accompanied sinking motion with the cross-slope flow. The cross-616 
slope winds enhance the CO2 mixing in the canopy layer. Even on the upper slope, the 617 
CO2 difference is about 6 ppm due to descending winds flowing northward.  618 
4.4. Overview of model-measurement comparisons 619 
As the prescribed boundary conditions are tested against the local slope wind, 620 
our model shows best prediction for local down-slope drainage flow (Figure 3). About 621 





interval of measurements. Among the five towers, the model underpredicts the 623 
measured mean wind speed. Haiden and Whiteman (2005) indicated that the 624 
drainage flow accelerates down the long slope. However, our modeling domain (D1) 625 
is just a small part of the long north-to-south slope, so that the acceleration on the 626 
upwind slope out of the modeling domain is missed.   627 
During northerly wind periods, our model successfully predicts the down-628 
slope wind measured at all the towers except at Tower A where the wind is blowing 629 
from north to south with upward motion (Figure 10). The upward motion (w is 630 
increasing with height) indicates flow convergence in the lower canopy. During 631 
southerly wind periods, our model predicts south winds flowing throughout the 632 
canopy (Figure 11).  However, just above and in the upper canopy, predicted 633 
southerlies are much weaker than the measured southerlies but stronger than pure 634 
local slope winds.  This can reflect the interactions between southerlies and drainage 635 
flow. The predicted u component is opposite to the measurements during both 636 
northerlies and southerlies because the westerly component in the synoptic 637 
northerlies and easterly component in synoptic southerlies (Feigenwinter et al., 638 
2010a) have not been taken into account in our model. It implies that wind direction 639 
is very sensitive to the large-scale wind regime. However, the large-scale wind 640 
direction cannot be determined simply by the measurement near the top of the 641 
canopy, because of the canopy flow characteristics near the canopy top (strong shear, 642 
inflection, etc.).  643 
It is encouraging that our model shows a better prediction in the deep canopy 644 





airflow in deep canopy being dominated by local thermo-topographic forcing, while 646 
predictions in upper canopy are the result of interactions between local slope winds 647 
and synoptic winds. However, the representations of synoptic influences in our local-648 
scale model are very limited. Our model predicts the typical nocturnal temperature 649 
profiles in the canopy: temperature inversion in the upper canopy due to outgoing 650 
long-wave radiation and isothermal or inversion profile in the lower canopy 651 
(Baldocchi et al., 1983), and even negative temperature gradient near the ground 652 
surface. However, the predicted temperature profiles mismatch tower measurements. 653 
The mismatch between modeled and measured temperature is caused by the heat 654 
flux configuration such that the full energy balance equation is simplified to an 655 
outgoing radiative cooling. The temperature in the canopy was found to be very 656 
sensitive to water stress in crops (Jensen et al., 1990) but this is not integrated as a 657 
forcing in our model. 658 
The other uncertainties in solving the local scale topographic- canopy- flow 659 
arise from the rough topography data, vegetation classification and homogeneous soil 660 
respiration rate. The SRTM 90 m digital elevation data is very rough compared to 4m 661 
horizontal grid spacing in our model setting. Many details of the topographic flow 662 
cannot be resolved on this 90 m topography resolution. The real vegetation 663 
distribution is much more complicated than the three-category classification. The 664 
14.7% of the bare land in the 240 m×240 m area (Montagnani et al., 2009) is not 665 
classified in our model configuration. Improvements are expected with continuous 666 
canopy structure retrieved by airborne LiDAR (Marcolla et al., 2014). In addition, the 667 





while the field survey of vegetation classification was done in October 2009. The 669 
change in vegetation distribution can contribute to the mismatch between the 670 
modeled and measured data. The transfer of CO2 within the canopy relies on CO2 671 
levels and canopy flow. Local CO2 level is determined by turbulent mixing and 672 
strength of net CO2 exchange. However, the heterogeneous soil surface CO2 emission 673 
(Acosta et al., 2013) due to the heterogeneous vegetation and soil property is not 674 
considered in our simulations.  675 
5. Summary and conclusions  676 
We apply a computational fluid dynamics model to investigate nocturnal flow 677 
dynamics and associated thermal and CO2 transport under different synoptic forcing 678 
in a forested complex terrain at Renon, Italy.  In the absence of synoptic-scale forcing, 679 
thermal-driven topographic flow dominates, which is characterized by weak (a 680 
maximum wind speed of 0.22 ms-1) local down-slope northerly winds. The down 681 
slope winds blow throughout the vegetation canopy and contribute to rich CO2 682 
accumulation within the canopy in the downwind direction. The modification of local 683 
slope winds by synoptic northerlies is limited to above the canopy. However, the 684 
northerlies significantly intensify local slope winds. Recirculation is developed in the 685 
S-N direction when prevailing northerlies blow down-slope into re-growth forest that 686 
has high leaf density in the lower canopy exerting large drag force on canopy flow.  687 
The wind direction of local slope winds can be modified by the weaker southerlies all 688 
through the canopy and up to triple canopy height; above that the local slope winds 689 





slope southerlies on the upper slope and dominant down-slope wind on the lower 691 
steep slope where the local down-slope winds exceed the southerlies.  692 
Temperature distribution indicated that dense mature and re-growth forest 693 
canopies are subject to stronger cooling in the upper canopy.  The upper canopy 694 
cooling has minor influence on the thermal conditions in the deep canopy because the 695 
layer with high foliage density reduces vertical heat transfer, leading to very weak 696 
inversions in the deep canopy. In contrast, in the sparse trees in grassland, cooling at 697 
the ground surface overwhelms cooling in the canopy, resulting in strong inversions 698 
near the ground surface. Radiative cooling is the primary driving force of the within-699 
canopy down-slope winds. The correlation between thermal condition and wind 700 
microstructures in the canopy is obvious during northerly wind periods, which is 701 
expressed as the cooler recirculation in the S-N direction, and updraft occurring when 702 
winds blow from cooler regions to warmer regions in the W-E direction.   703 
The local down-slope winds throughout vegetation canopy contribute to CO2 704 
accumulation within canopy in the downwind direction. During northerly wind 705 
periods, recirculation in the S-N direction is characterized by high levels of CO2 up to 706 
the top of reversed flow, while CO2 is built up in a very shallow layer in W-E direction 707 
where flow subsides from east to west. The updraft motion above the subsided flow 708 
does not affect CO2 in the shallow surface layer, as the main CO2 source is the ground 709 
surface. Compared with northerly wind and local slope wind periods, there is no 710 
extensive CO2 accumulation during southerly wind periods, which is attributed to the 711 





high CO2 concentration is found near the ground surface, which is attributed to the 713 
nocturnal air sinking.  714 
Our application of RANS in three-dimensional canopy represents an advance 715 
in the modeling of interactions between local thermo-topographic slope flow and 716 
large-scale synoptic flow. However, this model shows a weaker representation of 717 
large-scale synoptic influences. Downscaling techniques, such as coupled 718 
meteorological and RANS models, are necessary to improve the prediction of large 719 
scale forcing. In addition, high-resolution and large scale topography, vegetation and 720 
CO2 efflux data will help to solve the thermo-topographic slope flows and related 721 
ecosystem-atmosphere exchanges. 722 
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4:00 am LST) from ADVEX campaign (light blue), showing the lower and upper values of the 914 
variables at the measurement height.  The blue dots indicate the average values over the nighttime 915 
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Figure 6. Simulated distribution of Temperature (T, ˚C) and CO2 difference (d[CO2], ppm) at 926 
cross sections during Local slope wind periods in the S-N direction: (a) Temperature and (b) CO2 927 
difference; the W-E direction: (c) Temperature and (d) CO2 difference. The white solid lines with 928 
arrows denote the wind streams at the cross sections.  929 
Figure 7. Simulated distribution of Temperature (T, ˚C) and CO2 difference (dCO2], ppm) at 930 
cross sections during Northerly wind periods in the S-N direction: (a) Temperature and (b) CO2 931 
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the profiles by the numerical model.  953 
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Table 1 Typical wind systems and modeling periods 
Cases Time Period (LST) 
Northerlies 00:00, July 11 (day 192) 00:00, July 13(day 194) 
Southerlies 00:00, July 25(day 206) 06:00, July 26 (day 207) 
Slope wind 00:00, July 28(day 209) 00:00, July 30(day 211) 
 









Northerlies -47.49 -0.39 9.81 9.04 
Southerlies -2.47 1.26 12.54 12.37 
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Figure 1. The modeling domain and topography around Renon site. The five tower 
locations in the ADVEX campaign are indicated in the right panel. D1 is the outer domain 
(2000×2000 m) and D2 is inner domain (240×240 m) in our numerical simulation. The 
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Figure 2. Vertical leaf area density profiles of three vegetation categories (left panel) and 
their distribution in the 240×240 m research area (right panel) at Renon site: (1) Sparse 
forest in grassland, (2) Forest edge, and (3) Mature forest. The y-axis in left panel is 
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Figure 3. The profiles of variables (u, ms-1; v, ms-1; w, ms-1; T, °C ) at 99% confidence level for 
local slope wind measured at A, B, C, D and M towers during the nighttime period (9:00 pm-4:00 
am LST) from ADVEX campaign (light blue), showing the lower and upper values of the variables 
at the measurement height.  The blue dots indicate the average values over the nighttime period at 
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Figure 4. Simulated wind streamlines at vertical levels above 
ground: a.g.l. = 5(1st row), 10(2ed row), 20 (3rd row) and 30 (4th 
row) m in 240×240 m domain for Local slope wind (left panel: 
a, b, c, d), Northerlies (middle panel: e, f, g, h) and Southerlies 
(right panel: i, j, k, l). The colored isolines in (a) denote the 
elevation in the 240×240 m domain. The solid dots denote the 
locations of Towers that are labeled in (a). The height of the 
canopy is 24m at Tower A, B and M, 30m at Tower C and 21m 
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Figure 5. Simulated wind profiles at five towers 
during local slope wind periods. The black crosses 






  976 
  
 
Figure 6. Simulated distribution of Temperature (T, ˚C) and CO2 difference (d[CO2], ppm) at cross 
sections during Local slope wind periods in the S-N direction: (a) Temperature and (b) CO2 difference; 
the W-E direction: (c) Temperature and (d) CO2 difference. The white solid lines with arrows denote 












Figure 7. Simulated distribution of Temperature (T, ˚C) and CO2 difference (d[CO2], ppm) 
at cross sections during Northerly wind periods in the S-N direction: (a) Temperature and 
(b) CO2 difference; the W-E direction: (c) Temperature and (d) CO2 difference. The white 
solid lines with arrows denote the wind streams at the cross sections. The pink solid lines in 
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Figure 8. Simulated distribution of Temperature (T, ˚C) and CO2 difference (d[CO2], ppm) at 
cross sections during Southerly wind periods in the S-N direction: (a) Temperature and (b) CO2 
difference; the W-E direction: (c) Temperature and (d) CO2 difference. The white solid lines with 
arrows denote the wind streams at the cross section. The black dashed lines in (a) and (b) denote 
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Figure 9.  Simulated temperature profiles at five towers during prevailing 






    
Figure 10. The profiles of variables (u, ms-1; v, ms-1; w, ms-1; T, °C ) at 99% confidence level for 
northerly winds measured at A, B, C, D and M towers during the nighttime periods (9:00 pm-4:00 
am LST) from ADVEX campaign (light blue), showing the lower and upper values of the variables 
at the measurement height.  The blue dots indicate the average values over the nighttime period at 
the measurement height. The black solid lines denote the profiles by the numerical model. 
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Figure 11. The profiles of variables (u, ms-1; v, ms-1; w, ms-1; T, °C ) at 99% confidence level for 
southerly winds measured at A, B, C, D and M towers during the nighttime period (9:00 pm-4:00 
am LST) from ADVEX campaign (light blue), showing the lower and upper values of the variables 
at the measurement height.  The blue dots indicate the mean values over the nighttime period at the 






Appendix A 989 
The empirical constants a and b in equation 7 are determined by the heat flux Qh at the top 990 
of the canopy and Qg on the ground surface for each wind-vegetation condition. The values 991 
of a and b are shown in the table A1. 992 









  1002 
a/b Northerly Southerly Slope Wind 
1. Sparse forest, Grassland 112.8/65.3 -8.9/6.5 -29.6/19.0 
2. Forest edges, regrowth forest -51.2/3.7 -4.1/1.6 -13.4/2.9 
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Figure A1 The schematic diagram of the interactions between local slope flow and 
synoptic winds around Tower M (a 10km terrain domain) (a) Local slope wind only, (b) 
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Figure A2. The tower and instruments set-up during ADVEX 





 1027  
 
Figure A3 The schematic diagram of the mesh at the intersection of Tower 
M. D1_x and D1_z are the domain size in the horizontal and vertical for D1. 
D2_x and D1_z are the domain size in the horizontal and vertical for D2. The 
mesh setting for our simulation is about 5 times finer in horizontal and 3 
times finer in vertical than that shown in the diagram. 
